To determine whether preterm birth is associated with epilepsy in a national cohort of adults aged 25-37 years.
Epilepsy affects 50 million people worldwide 1 and is the most common neurologic condition affecting individuals of all ages. 2 A growing body of evidence has shown that individuals who are born preterm have an increased risk of epilepsy in early life, but the longer-term risk of epilepsy in these individuals is unclear. One recent study reported an association between preterm birth or intrauterine growth restriction and an increased risk of epilepsy in individuals in Denmark who were followed up to 24 years of age. 3 The association between very preterm birth (gestational age 22-32 weeks) and epilepsy in that study weakened over time but persisted between 15 and 24 years of age. There are no sufficiently powered studies to date, however, that have examined the association between preterm birth and epilepsy in adults beyond this age range.
We conducted a national cohort study to examine the association between preterm birth and epilepsy in Swedish adults aged 25 to 37 years. Epilepsy was ascertained using nationwide hospital discharge diagnoses as well as nationwide outpatient and inpatient antiepileptic drug prescription data. We hypothesized that preterm birth is independently associated with an increased risk of epilepsy in adults in this age range.
METHODS Study population. We identified 648,276 individuals in the Swedish Birth Registry who were born from 1973 through 1979. We excluded 6,553 (1.0%) individuals who were no longer living in Sweden at the time of follow-up (2005-2009); 7,926 (1.2%) who had significant congenital anomalies (i.e., other than undescended testicle, preauricular appendage, congenital nevus, or hip dislocation); 1,637 (0.3%) who had missing information on gestational age at birth; and 245 (Ͻ0.1%) who had missing information on birthweight. In order to remove possible coding errors, we also excluded 6 (Ͻ0.01%) individuals who had a reported gestational age Ͻ23 weeks, and 1,819 (0.3%) who had a reported birthweight more than 4 standard deviations above or below the mean birthweight for gestational age and gender from a Swedish reference growth curve. 4 A total of 630,090 individuals (97.2% of the original cohort) remained for inclusion in the study.
Standard protocol approvals, registrations, and patient consents. This study was approved by the Ethics Committee of
Lund University in Malmö, Sweden.
Study period.
To assess the longer-term risk of epilepsy among individuals born preterm, we focused on the age range of 25 to 37 years (the maximum ages of this cohort) because no previous study has had adequate statistical power to examine this association in adults Ͼ25 years of age. Study participants were followed for hospital discharge diagnoses from January 1, 2005, through December 31, 2009; and for medication prescriptions from July 1, 2005, through December 31, 2009 (the first 4.5 years that the national pharmacy register was kept).
Outcome measurement. Epilepsy was ascertained by 1) a primary hospital discharge diagnosis of epilepsy, and 2) any outpatient or inpatient prescription of phenytoin, levetiracetam, or phenobarbital. These particular antiepileptic drugs were examined because they are used mainly for epilepsy and therefore are expected to have a higher positive predictive value for epilepsy than many other antiepileptic drugs that are also commonly used for other conditions. Hospital discharge diagnoses were obtained using the Swedish hospital discharge registry, which was started in 1969 and has operated on a nationwide basis since 1987. The primary outcome for this study was a primary discharge diagnosis of epilepsy (codes G40 -G41 in the International Classification of Diseases, tenth revision [ICD-10]) from any hospital nationwide during 2005-2009.
To evaluate whether any association between preterm birth and epilepsy is mediated by comorbidities, we obtained all primary and secondary hospital discharge diagnoses for the following conditions from birth through 2009: cerebral palsy (code 343 in the International Classification of Diseases, eighth revision or the International Classification of Diseases, ninth revision [ICD-9], and G80 in ICD-10); inflammatory diseases of the CNS (codes 320 -326 in ICD-8 or ICD-9, and G00 -G09 in ICD-10); cerebrovascular disease (codes 430 -438 in ICD-8 or ICD-9, and I60 -I69 in ICD-10); and brain tu-mors, whether malignant, benign, or uncertain behavior (codes 191-192, 225 , and 237, respectively, in ICD-8 or ICD-9; and C70 -C72, D33, and D42-D43, respectively, in ICD-10).
Medication prescription data were obtained using the national pharmacy register maintained by the Swedish National Board of Health and Welfare. [5] [6] [7] [8] [9] [10] This register contains a record of each medication prescription dispensed to a patient by any outpatient or inpatient pharmacy in Sweden. All medication data are categorized according to the Anatomic Therapeutic Chemical (ATC) Classification System developed by the WHO Collaborating Centre for Drug Statistics Methodology. 11 We obtained records of all outpatient and inpatient prescriptions for phenytoin (ATC code N03AB02), levetiracetam (N03AX14), and phenobarbital (N03AA02). These data were linked to the Birth Registry using an anonymous, serial number version of each individual's unique identification number, allowing complete and accurate linkage between the different registers.
Exposure measurement. Gestational age at birth was obtained from prenatal and birth records in the Birth Registry, and was based on maternal report of last menstrual period. In the current study this was categorized into 5 groups (23-31 weeks, 32-34 weeks, 35-36 weeks, 37-42 weeks, Ն43 weeks) to allow for a nonlinear response. Cutpoints were chosen in order to have adequate numbers in each category for statistical analysis.
Adjustment variables.
Other characteristics that may be associated with preterm birth and with epilepsy 2 were obtained using the Birth Registry and the Swedish Population and Housing Census of 1990. The following were included as adjustment variables and were 100% complete for this cohort:
Fetal growth. Measured as the number of standard deviations from the mean birthweight for gestational age and gender from a Swedish reference growth curve, 4 categorized into 6 groups (ϽϪ2 SD; Ϫ2 SD to ϽϪ1 SD; Ϫ1 SD to Ͻ0 SD; 0 SD to Ͻ1 SD; 1 SD to Ͻ2 SD; Ն2 SD).
Age. Modeled as a continuous variable by date of birth. Gender. Female or male. Multiple gestation status. Singleton or twin. Included because multiple gestation is associated with low fetal growth and preterm delivery, and some 12 but not all 13 evidence has suggested that it is associated with an increased risk of epilepsy in the offspring.
Birth order. 1, 2, or Ն3. Included because low birth order has been associated with preterm birth 14 and high birth order may be associated with an increased risk of epilepsy. 15 Maternal age at birth. Ͻ20 years, 20 -24 years, 25-29 years, 30 -34 years, or Ն35 years. Included because very early or advanced maternal age is associated with preterm delivery, and increasing maternal age may be associated with an increased risk of epilepsy in the offspring. 15, 16 Maternal marital status in 1990. Married/cohabiting, never married, divorced, or widowed.
Maternal education in 1990. Compulsory high school or less (Յ9 years), practical high school or some theoretical high school (10 -11 years), or theoretical high school or college (Ն12 years).
Family income in 1990. Calculated as the annual family income divided by the number of people in the family, or family income per capita, using a weighted system whereby small children were given lower weights than adolescents and adults. The final variable was categorized in quartiles.
Maternal or paternal history of epilepsy. Primary or secondary hospital discharge diagnosis of epilepsy (code 345 in ICD-8 or ICD-9, and G40-G41 in ICD-10) during 1969 -2009, dichotomized as ever vs never and entered into the model separately for mothers and fathers.
Statistical analysis.
Generalized estimating equations were used to estimate odds ratios (OR) and 95% confidence intervals (CI) for the association between gestational age at birth and hospitalization for epilepsy or prescription of antiepileptic drugs (as defined above). Analyses were conducted unadjusted and then were adjusted for the model covariates. Robust standard errors were used in all models to account for correlation among siblings.
We also performed the same adjusted analyses as above after excluding all 1,306 (0.2%) individuals with cerebral palsy, 2,667 (0.4%) with inflammatory diseases of the CNS, 1,177 (0.2%) with cerebrovascular disease, and 1,014 (0.2%) with brain tumors. These conditions were not prevalent enough to allow adjustment for them as covariates. Therefore, in a secondary analysis we excluded individuals with these diagnoses to assess whether associations observed in the main analyses, if any, were mediated by these conditions. Pearson 2 goodness-offit tests were used to confirm that the final models appropriately fit the data.
We explored first-order interactions between gestational age at birth and each of the model covariates with respect to hospitalization for epilepsy or antiepileptic drug prescription, using a likelihood ratio test to evaluate for statistical significance. All analyses were conducted using Stata statistical software, version 11.0. 17
RESULTS
Of the 630,090 individuals in this cohort, 27,953 (4.4%) were born prematurely (Ͻ37 weeks), including 2,063 (0.3%) born at 23-31 weeks; 6,865 (1.0%) born at 32-34 weeks; and 19,025 (3.0%) born at 35-36 weeks (table 1). Preterm infants were more likely than full-term infants to be male, be a twin, or have a birth order Ն3; their mothers were more likely to be Ͻ20 or Ն35 years old at the time of delivery, be unmarried, and have the lowest educational attainment or the lowest family incomes; and their mothers or fathers were more likely to have an inpatient diagnosis of epilepsy ( p Ͻ 0.01 for each of these comparisons by Kruskal-Wallis test).
A total of 4,405 (0.70%) individuals from the entire cohort had been hospitalized for epilepsy during their lifetime, and 922 (0.15%) were hospitalized for epilepsy during 2005-2009 (table 2). Hospitalization for epilepsy was more common across the full range of preterm gestational ages than among those born full-or post-term. The proportion of individuals hospitalized for epilepsy during 2005-2009 was 0.73% among those born at 23-31 weeks, 0.29% among those born at 32-34 weeks, and 0.25% among those born at 35-36 weeks, compared to 0.14% among those born full-term (37-42 weeks). A higher proportion of individuals born preterm or post-term were prescribed phenytoin, levetiracetam, or phenobarbital than those born full-term. Comorbidities were also more prevalent in individuals born preterm, especially cerebral palsy, as well as inflammatory diseases of the CNS and cerebrovascular disease.
The relative odds of hospitalization for epilepsy were markedly increased among adults who were born preterm. After adjusting for fetal growth and potential confounders, ORs were 4.98 (95% CI (table  3) . Adjustment for any combination of covariates had little effect on the ORs. Furthermore, excluding individuals with cerebral palsy, inflammatory diseases of the CNS, cerebrovascular disease, and brain tumors had only modest effects on the ORs. The results for antiepileptic drug prescription were generally similar to those above, except that the relative odds were increased also among individuals born post-term (table 3) . When these medications were examined separately, the highest relative odds was for phenytoin prescription among individuals born at 23-31 weeks relative to those born full-term (adjusted OR 8.19; 95% CI 2.79 -24.0; table e-1 on the Neurology ® Web site at www.neurology.org). Comparing all individuals born preterm to those born full-term, the highest relative odds was observed for phenobarbital prescription (adjusted OR 3.57; 95% CI 1.78 -7.14; table e-1). We also examined the outcome defined as both hospitalization for epilepsy and prescription of phenytoin, levetiracetam, or phenobarbital, but the risk estimates were very similar to those reported above.
Among the covariates in the adjusted model, the only strong predictors of hospitalization for epilepsy were maternal and paternal history of epilepsy (adjusted ORs 3.63 [95% CI 2.55-5.16] and 2.01 [95% CI 1.33-3.02], respectively). Low fetal growth was not a significant predictor after adjusting for gestational age at birth and the other variables included in the model (table e- 2) . No first-order interactions were significant at the p Ͻ 0.05 level. DISCUSSION These findings suggest that preterm birth is strongly associated with epilepsy in Swedish adults at 25 to 37 years of age. The relative odds of hospitalization for epilepsy was markedly increased even for late preterm births (35-36 weeks), and increased monotonically by earlier gestational ages, including a fivefold increased risk among those born very preterm (23-31 weeks). The results for outpatient and inpatient antiepileptic drug prescription were consistent with these findings except that the relative odds were increased also among individuals born post-term. All of these associations were independent of fetal growth and broadly measured potential confounders, and did not appear to be mediated by cerebral palsy, inflammatory diseases of the CNS, cerebrovascular disease, or brain tumors. In contrast, no association was observed between low fetal growth and epilepsy after adjusting for gestational age at birth.
The associations found in the current study are notably stronger than those previously reported for a younger population in Denmark. Among individuals aged 15 to 24 years in that study, the epilepsy incidence rate was increased twofold among those born at 22-32 weeks compared to those born at 39 -41 weeks, and no association was found between late preterm birth and epilepsy. 3 The relatively few other studies that have examined the association between preterm birth and epilepsy in adulthood have had limited statistical power and were unable to examine the full range of gestational ages. 15, [18] [19] [20] Studies involving children have generally been small and most, 16, 21, 22 but not all, 23 have suggested an association between preterm birth and epilepsy. The current study's results for antiepileptic drug prescription, but not those for epilepsy ascertained from hospital discharge diagnoses, suggest an association with post-term birth as well as with preterm birth. This finding was unexpected and needs confirmation in other populations. It is consistent with an earlier Swedish case-control study that reported an association between either low or high gestational age at birth and afebrile seizures in children Ͻ15 years of age. 22 Most other studies, however, have either not examined post-term birth or have done so with insufficient statistical power.
The mechanisms underlying the association between preterm birth and epilepsy may involve intrauterine hypoxic brain injury resulting from pregnancy complications that predispose to preterm birth or impaired brain development resulting directly from preterm birth itself. Preeclampsia and intrauterine infection are associated with hypoxicischemic fetal brain injury and with preterm delivery. 24 Preterm birth itself may also impair normal development of brain structures at their most critical period. MRI data have shown a normal fourfold increase in cortical gray matter between 29 and 41 weeks postconception, and a fivefold increase in myelinated white matter between 35 and 41 weeks postconception. 25 Diffuse white and gray matter abnormalities have been documented in preterm infants 26 which persist when they reach the equivalent age of term, 27 and such abnormalities have also been associated with epilepsy. 28 A limitation of the current study is the ascertainment of epilepsy by hospital discharge diagnoses and antiepileptic drug prescriptions, without clinical data with which to validate the diagnoses. A previous study found that 25% of children with epilepsy were treated as outpatients only; however, the age-specific associations between preterm birth and epilepsy were similar whether based only on inpatient diagnoses or on the combined use of outpatient and inpatient diagnoses. 3 In the current study, we assessed for potential bias resulting from the use of hospital data by also examining outpatient and inpatient antiepileptic drug prescription data. The results from these complementary data sources were similar, providing further evidence that the observed associations are real and that any bias resulting from the use of hospital discharge data are likely to be small. Phenytoin, levetiracetam, and phenobarbital were examined because they are expected to have a higher positive predictive value for epilepsy than many other antiepileptic drugs. Ethosuximide is mainly used for absence seizures but was not prescribed in large enough numbers for analysis. Clinical data were unavailable to determine the proportion of adults with epilepsy who are managed with these or other medications. We did not include other antiepileptic drugs that are commonly used for other conditions because this would have increased misclassification of the outcome, biasing the results toward the null hypothesis. Clinical data for specific types of seizures were also unavailable for this cohort.
Other limitations include the estimation of gestational age at birth by maternal report of last menstrual period rather than by ultrasound, which was not yet widely used at the time these individuals were born (1973) (1974) (1975) (1976) (1977) (1978) (1979) . A few of the adjustment variables were measured during childhood or adolescence rather than at birth. Residual confounding by these Table 3 Odds ratios for association between gestational age at birth (1973-1979) and epilepsy or antiepileptic drug prescription at ages 25-37 years Abbreviations: CI ϭ confidence interval; OR ϭ odds ratio. a Adjusted for fetal growth, age, gender, multiple gestation status, birth order, maternal age at birth, maternal marital status, maternal education, family income, and maternal and paternal history of epilepsy. b Adjusted for the same variables as above, after excluding individuals with a primary or secondary hospital discharge diagnosis of cerebral palsy, inflammatory diseases of the CNS, cerebrovascular disease, or brain tumors from birth through 2009. factors is possible but seems unlikely to account for the main findings. The most important strength of this study is its ability to examine the association between gestational age at birth and epilepsy in a national cohort of adults using nationwide hospital data as well as outpatient and inpatient pharmacy data. Information on broadly measured perinatal and demographic factors enabled adjustment for potential confounders. In addition, information on cerebral palsy and other comorbidities enabled the evaluation and exclusion of these conditions as potential mediators of the observed associations.
This study shows that preterm birth, including late preterm birth, is strongly associated with an increased risk of epilepsy in Swedish adults at 25 to 37 years of age. This association was independent of fetal growth and did not appear to be mediated by cerebral palsy or other comorbidities. Clinicians will increasingly encounter adult survivors of preterm birth and will need to be aware of the magnitude and duration of the neurologic sequelae. These findings suggest that the association between preterm birth and epilepsy may be stronger and extend later in adulthood than had been previously reported. More effective prevention of preterm birth is urgently needed to reduce the burden of epilepsy in later life.
